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Summary

Graft-versus-host disease (GVHD) is a major complication of allogeneic bone
marrow transplantation. Extracorporeal photochemotherapy (ECP) has been
introduced as an alternative treatment for GVHD refractory to conventional
immunosuppressive treatment, although its mechanism of action is not yet
clear. We investigated, in seven GVHD patients, the effects of ECP on den-
dritic cell maturation and cytokine production in an in vitro model that could
mimic the potential in vivo effect of reinfusion of ECP-treated peripheral
blood mononuclear cells. The model was based on co-culture of ECP-treated
lymphocytes with monocyte-derived dendritic cells (DCs) of the same
patient. We found that the co-culture of ECP-treated lymphocytes with imma-
ture DCs reduced CD54, CD40 and CD86 mean fluorescence intensity (MFI)
significantly after lipopolysaccharide (LPS) stimulation, without affecting
human leucocyte antigen D-related and CD80 MFI. In the same co-culture
model, DCs produced increased amounts of interleukin (IL)-10 when
co-cultured with ECP-treated lymphocytes and stimulated with LPS, while
IL-12 and tumour necrosis factor-a production were not affected. These
results suggest that reinfusion of large numbers of autologous apoptotic lym-
phocytes is significant for the therapeutic outcome of ECP through down-
regulation of co-stimulatory molecules on DCs, inducing non-fully mature
DCs with a low signal 2 and up-regulation of IL-10, which is an immunosup-
pressive cytokine.
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Introduction

Graft-versus-host disease (GVHD) is a severe and frequent
complication of allogeneic bone marrow transplantation,
having high morbidity and mortality [1]. An antigenic mis-
match in the human leucocyte antigen (HLA) complex
between donor and host, with consequent sensitization of
donor T lymphocytes towards tissue antigens of the recipient
and cytotoxic destruction of the recipient’s organs, seems to
be the major aetiopathological factor. GVHD may occur as
an acute (aGVHD) or chronic event (cGVHD), the former
occurring within 100 days after allogeneic stem cell infusion
and the latter after 100 days.

Extracorporeal photochemotherapy (ECP) has been pro-
posed recently as an alternative treatment in patients with
aGVHD or cGVHD who do not respond to conventional
immunosuppressive treatment or who cannot undergo

appropriate immunosuppressive treatment for any reason
[2]. ECP consists in 8-methoxypsoralen (8-MOP) treatment
and ultraviolet A (UVA) irradiation of the patient’s periph-
eral blood leucocytes obtained by a leucapheresis process.
The mechanism of action of ECP has not been elucidated
fully: the primary targets of ECP are peripheral blood mono-
nuclear cells (PBMC) isolated by the leukapheresis process,
and especially lymphocytes that undergo programmed cell
death after this treatment, whereas monocytes are resistant
[3,4].

Previous reports seem to show that ECP modulates den-
dritic cell (DCs) populations in cGVHD: a decrease in cir-
culating CD80+ and CD123+ DCs and a decrease of DC
function was noted after ECP [5]. Moreover, ECP seems to
induce a shift from myeloid DCs to plasmacytoid DCs,
together with a shift from a predominantly T helper type 1
(Th1) cytokine profile to a Th2 cytokine profile [6].
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It is well known that DCs can phagocytose autologous
apoptotic cells [7], and this has been proposed as an impor-
tant mechanism in the induction of tolerance to self-
antigens [8,9]. However, other authors have suggested that
mediators released by apoptotic cells can induce DCs matu-
ration [10]. The aim of the current investigation was to study
whether and how in GVHD patients the co-culture of
monocyte-derived immature dendritic cells and ECP-treated
lymphocytes of the same patient affects DC maturation and
cytokine production.

Materials and methods

Patients

Blood samples were obtained from seven GVHD patients,
four affected by aGVHD and three affected by cGVHD
(mean age 49 years, range 32–55). All patients had under-
gone different immunosuppressive treatments for GVHD
(Table 1), but either did not respond properly or developed
severe drug-induced side-effects. ECP was therefore tried. All
patients gave their informed consent to be enrolled in the
study.

Photopheresis

ECP cycles were performed using a UVAR apparatus (Thera-
kos Inc., West Chester, PA, USA). Treatment involved har-
vesting leucocytes using a collect and elutriation six-cycle
apheresis system. Liquid 8-MOP, 100 000 ng, was injected
directly into the buffy coat bag which was then exposed to
UVA (2 J/cm2) for 90 min. The treated cells were then rein-
fused immediately. This process was repeated on the follow-
ing day, patients returning every week in the first 3 months.
The frequency of treatment was then modified according to
clinical response.

Generation of DCs

PBMC were obtained from GVHD patients’ heparinized
peripheral blood samples immediately before ECP and were
isolated by density gradient centrifugation over Ficoll-

Hypaque (Pharmacia, Uppsala, Sweden) and washed twice in
phosphate-buffered saline (PBS). Monocytes were isolated
from PBMC by positive selection with anti-CD14-
conjugated microbeads (Miltenyi Biotech Gmbh, Bergish
Gladbach, Germany). To induce DC differentiation, mono-
cytes were cultured in 24-well plates (Costar, Cambridge,
MA, USA) at 5 ¥ 105 cells/ml in RPMI-1640 medium supple-
mented with heat-inactivated fetal calf serum (FCS) (10%),
l-glutamine (2 mM), penicillin–streptomycin (100 U/ml,
100 ug/ml), non-essential amino acids, sodium pyruvate,
interleukin (IL)-4 (10 ng/ml; R&D Systems, Minneapolis,
MN, USA) and granulocyte–macrophage colony-
stimulating factor (GM-CSF) (50 ng/ml; R&D Systems) at
37°C in 5% CO2 for 7 days. On day 3 fresh medium was
added to the cultures.

Co-culture of immature DCs with
ECP-treated lymphocytes

PBMC were obtained from the treated buffy coat bag (BCB)
just prior to reinfusion by density gradient centrifugation
over Ficoll-Hypaque. Lymphocytes were isolated by negative
selection with anti-CD14-conjugated microbeads (Miltenyi
Biotech Gmbh). Cells were counted and vitality was assessed
by Trypan blue exclusion. Co-culture of immature
monocyte-derived DCs and ECP-treated lymphocytes at a
ratio of 1 : 5, together with lipopolysaccharide (LPS) (1 ug/
ml) for 48 h was performed. Then supernatants were col-
lected and stored at -80°C until IL-10, IL-12p70 and tumour
necrosis factor (TNF)-a were measured by enzyme-linked
immunosorbent assay (ELISA).

Flow cytometric analysis

Dendritic cell phenotypic analysis was performed on day 9
with regard to mature monocyte-derived dendritic cells in
the presence and absence of ECP-treated lymphocytes.

The cells were washed once with PBS and stained for
20 min on ice with conjugated antibodies in PBS with 0·1%
sodium azide and 0·5% FCS. Control samples included cells
alone and isotype control. Then cells were washed again and
resuspended in PBS with 0·5% bovine serum albumin

Table 1. Immunosuppressive treatment of seven graft-versus-host disease (GVHD) patients undergoing extracorporeal photochemotherapy and

enrolled in the study.

Patients Sex GVHD Treatment Number of ECP cycles performed when enrolled

1 F Chronic Tacrolymus, mophetil mycophenolate 3rd cycle

2 F Acute Prednisone, cyclosporine 2nd cycle

3 M Acute Cyclosporine 3rd cycle

4 F Chronic Prednisone 2nd cycle

5 M Acute Prednisone 2nd cycle

6 M Chronic Cyclosporine, prednisone 7th cycle

7 M Acute Cyclosporine, prednisone 2nd cycle

ECP: extracorporeal photochemotherapy.
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(BSA). The cells were acquired by flow cytometry (PAS,
Partec, Munster, Germany) and at least 10 000 events gated
on dendritic cells were analysed. The expression levels of
antigens were expressed as mean fluorescence intensity
(MFI). The following mouse anti-human monoclonal anti-
bodies were used: CD86-phycoerythrin (PE), CD40-
fluorescein isothiocyanate (FITC), CD80-FITC, HLA-DR–
FITC and CD54-PE (all from Pharmingen).

Detection of cytokine production by ELISA

Microtitre plates (Corning Easy Wash; Celbio, Milan, Italy)
were coated overnight with unconjugated anti-cytokine anti-
body (Pharmingen) at 2 ug/ml in 0·1 M Na2HPO4 pH 9
buffer and blocked with PBS/Tween. A biotin-labelled anti-
cytokine antibody at 1 mg/ml in PBS/10% FCS was used. The
plates were developed using avidin–horseradish peroxidase
(HRP) (Vector, Burlingame, CA, USA) and 2,2 azino-bis
substrate (Sigma, Milano, Italy) with a lower limit of detec-
tion of 15·6 pg/ml.

Statistical analysis

Wilcoxon’s test for non-parametric paired samples was used
for statistical analysis. P < 0·05 was considered significant.

Results

Phenotypic characteristics of LPS-stimulated DCs
incubated with ECP-treated lymphocytes for 48 h

When GVHD patients’ immature DCs were stimulated with
LPS for 48 h, MFI of HLA-DR, CD40, CD80, CD83, CD86
and CD54 was increased (data not shown). When ECP-
treated lymphocytes were added in a 5 : 1 ratio together with
LPS to DCs of the same patients, HLA-DR and CD80 MFI on

DCs were not modified in comparison with LPS-treated DCs
(Figs 1 and 2). On the contrary, CD54, CD40 and CD86 MFI
were reduced significantly on DCs co-cultured with ECP-
treated lymphocytes (Figs 1 and 2). When DCs were
co-cultured with untreated lymphocytes of the same patient
together with LPS, no modification of MFI of co-stimulatory
molecules was found (Fig. 1).

Monocyte-derived DCs produced increased amounts of
IL-10 in response to LPS when co-cultured with
ECP-treated lymphocytes, whereas IL-12 production
was not affected

When peripheral blood monocyte-derived immature DCs
were co-cultured with ECP-treated lymphocytes and stimu-
lated with LPS, IL-10 production was increased significantly
in comparison with LPS-stimulated DCs alone and DCs
co-cultured with untreated lymphocytes of the same subject
(Fig. 3). In the same in vitro model, IL-12p70 and TNF-a
production were not affected by the co-culture either with
untreated or ECP-treated lymphocytes (Fig. 3).

Discussion

ECP is a Food and Drug Administration (FDA)-approved
therapy used in pathological situations with suspected
involvement of circulating pathogenic T cells as GVHD,
autoimmune diseases or rejection in organ transplantation
[11–15]. In spite of its 20-year-old clinical use, mechanisms
explaining the efficacy of ECP are not understood fully, but
they are probably related to an immunomodulatory effect.
The enigma of ECP therapy is how the damage to a small
proportion of the total circulating leucocytes induces a
distant response in untreated cells, because less than 10% of
peripheral blood leucocytes are exposed to 8-MOP and UVA.
The most well-known mechanism of action is the induction

Fig. 1. The addition of extracorporeal

photochemotherapy (ECP)-treated lymphocytes

together with lipopolysaccharide (LPS)

down-regulates CD40, CD54 and CD86

expression on dendritic cells (DCs).

Monocyte-derived immature DCs were

stimulated with LPS (1 mg/ml) for 48 h (a);

untreated isolated lymphocytes of the same

patient were added in a ratio of 5 : 1 together

with LPS to monocyte-derived immature DCs

for 48 h (b); ECP-treated isolated lymphocytes

of the same patient were added in a ratio of

5 : 1 together with LPS to monocyte-derived

immature DCs (c). Individual symbols

represent individual experiments; bars show the

median. *P < 0·05, n = 6. A B C
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of a massive apoptosis of lymphocytes involving both the
Fas/FasL system and the Bcl-2 protein family, and including
malignant cutaneous T cell lymphoma (CTCL) cells [3,16].
Monocytes appear to be resistant to apoptotic effects
induced by ECP [4,17,18] and are activated releasing cytok-
ines [19,20]. Other authors have suggested that monocytes
can differentiate into immature DCs, after overnight incu-
bation of the ECP-treated mixture [21].

Previous reports appear to show that ECP modulates DC
populations: in cGVHD a decrease in circulating CD80+ and
CD123+ DCs and a decrease of DC function was noted
after ECP [5], together with a shift from myeloid DCs to

plasmacytoid DCs and a shift from a Th1 cytokine profile to
a Th2 cytokine profile [6]; however, these findings are not
generally accepted and the effect of ECP on in vivo DC
homeostasis still remains unclear.

Several investigations demonstrated clearly that immature
DCs engulf and degrade apoptotic cells avidly [22]. The
phagocytosis of autologous apoptotic cells has been pro-
posed as an important mechanism in the induction of tol-
erance to self-antigens because engulfment of these
apoptotic cells by dendritic cells would occur in the absence
of any additional signal of maturation, hence avoiding
the induction of an autoimmune response. However,

Fig. 2. The addition of extracorporeal

photochemotherapy (ECP)-treated lymphocytes

together with lipopolysaccharide (LPS)

down-regulates CD40, CD54 and CD86

expression on dendritic cells (DCs), without

affecting human leucocyte antigen D-related

(HLA-DR) or CD80. A representative

experiment is shown. Flow cytometric plots

show the fluorescence intensity of the DC

markers with LPS (blue graphs or line) or with

LPS and ECP-treated lymphocytes (red graphs).

Grey plots represent the isotype control.
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Fig. 3. Peripheral blood monocyte-derived dendritic cells (DCs) co-cultured with extracorporeal photochemotherapy (ECP)-treated lymphocytes

produced more interleukin (IL)-10, whereas IL-12 and tumour necrosis factor-a production were not affected. Monocyte-derived immature DCs

were unstimulated (a); monocyte-derived immature DCs were stimulated with lipopolysaccharide (LPS) (1 mg/ml) for 48 h (b); untreated isolated

lymphocytes of the same patient were added in a ratio of 5 : 1 together with LPS to monocyte-derived immature DCs for 48 h (c); ECP-treated
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production in the supernatants was evaluated by enzyme-linked immunosorbent assay. *P < 0·05, n = 6.
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considerable controversy still surrounds the consequences of
interaction between DCs and dying cells: in a human model
Sauter et al. have shown that immature dendritic cells
phagocyte apoptotic cells quickly, but the uptake of apop-
totic cells does not inhibit the secretion of inflammatory
cytokines when dendritic cells are stimulated with LPS [23].
Newton et al. found that immature dendritic cells rarely
phagocyte autologous apoptotic T lymphocytes and this
process does not affect dendritic cell surface phenotype nor
their ability to elicit a secondary immune response [24]. On
the contrary, in a mouse model, other authors have reported
that the co-culture of apoptotic cells with immature den-
dritic cells impairs the expression of some surface markers
after addition of LPS [25].

We set up a co-culture model that has been used previ-
ously in our experiments on ECP: this in vitro model tries to
reproduce what happens in vivo when we infuse a great
amount of apoptotic lymphocytes into the patient. In this
co-culture model we have shown previously that the
co-culture of ECP-treated lymphocytes with peripheral
blood monocytes enhances monocyte production of IL-10, a
well-known immunosuppressive cytokine [26]. Previous
authors have shown that immature DCs of children with
transplant rejection are able to phagocyte PBMC treated
with ECP and that these DCs acquire a tolerogenic pheno-
type, up-regulating HLA-DR expression but not CD83 [27].
Similarly in GVHD patients, ECP-treated lymphocytes are
recognized and phagocytosed by ECP-treated myeloid DCs
which are still viable after treatment but show an immature
phenotype. This interaction does not lead to any
maturation-associated changes [28]. We used a similar in
vitro model in which ECP-treated lymphocytes of GVHD
patients were added to monocyte-derived immature DCs
and DCs were stimulated with LPS immediately after this
addition. Because the ability of immature DCs to phagocy-
tose ECP-treated cells has already been shown in trans-
planted patients [27], it is likely that in our model immature
DCs also phagocyte ECP-treated lymphocytes quickly, and
that this phagocytosis affects DC maturation. In fact,
co-culture with ECP-treated lymphocytes reduces the ability
of these cells to up-regulate the co-stimulatory molecules
CD40, CD86 and CD54 expression in response to LPS.
Therefore co-culture partially inhibits DCs maturation: it is
likely that these non-fully mature DCs with a low signal 2
have a poor capacity to stimulate T cell response or may
even induce anergy [29,30]. In another model, the
co-culture of immature DCs with early apoptotic Jurkat T
cells (ECP-treated lymphocytes may also be considered early
apoptotic cells) in the absence of LPS induces a non-fully
mature phenotype with a low expression of CD40 and major
histocompatibility complex class II complex (MHC) and a
reduced capacity to stimulate allogeneic T cell proliferation
[31]. Concerning ECP, in another in vitro model,
co-incubation of monocytes with ECP-treated CD14 cells
also induces DCs with a tolerogenic phenotype and

function, and in particular a reduced capacity to induce T
cell proliferation [32].

We also found that in our co-culture model of ECP-
treated lymphocytes and immature DCs IL-10 production
by DCs in response to LPS was increased. In our patients
spontaneous IL-10 production by monocyte-derived DCs
was not detectable: other authors reported that in cGVHD
ECP-treated myeloid DCs produce spontaneously enhanced
amounts of IL-10 during the first 2 days of culture [28], but
the different data in comparison with ours are due probably
to the fact that these cells underwent ECP. IL-10 is an
immunosuppressive and anti-inflammatory cytokine which
converts immature DCs into tolerizing antigen-presenting
cells [33]. IL-10-treated DCs induce alloantigen or peptide-
specific T regulatory cells suppressing proliferation of syn-
geneic T cells in a dose-dependent, antigen-dependent and
cell-to-cell contact dependent manner [34,35]: recent
data have shown that ECP increases the percentage of
CD4+ CD25+ suppressive T cells in lung and kidney trans-
planted patients [27,36,37], and this could be due to the
increased production of IL-10 by immature DCs. Other
authors have found that DCs produce less IL-12 and more
TNF-a in response to LPS after ingestion of apoptotic cells
and this may contribute to tolerance [31], whereas in our
co-culture model we could not find any difference with
regard to IL-12 and TNF-a production: this may be due to
the different time of stimulation with LPS or the different
time of incubation with apoptotic cells.

It is important to underline that our co-culture in vitro
model tries to mimic the in vivo situation; however, it may
not reflect exactly what happens in the ECP-treated patients,
because monocyte-derived immature DCs are very similar to
myeloid DCs but do not behave exactly as myeloid DCs,
especially with regard to their ability to stimulate T cells [38].
Moreover, in our model we investigated only the effect of
ECP-treated lymphocytes on DCs, whereas the ECP-treated
bag also contains other cells such as monocytes which, after
exposure to 8-methoxypsoralen and ultraviolet A light, affect
DC phenotype [32].

In conclusion, our results suggest that reinfusion of large
numbers of autologous apoptotic lymphocytes is significant
for the therapeutic outcome of ECP in cGVHD patients
through down-regulation of co-stimulatory molecules on
DCs, inducing non-fully mature DCs with a low signal 2 and
up-regulation of IL-10, which is an immunosuppressive
cytokine. Further experiments will be needed to evaluate
whether, in GVHD patients, co-culture of monocyte-derived
DCs with ECP-treated lymphocytes also affects their T cell
stimulatory capacity and/or induces T regulatory cells.
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